In the present study, numerical simulations of the ow in a three-dimensional axisymmetric poppet valve are conducted using a vortex method. The uids are assumed inviscid and incompressible. The vibration of the poppet, supported by a spring and a dash pot, occurs in the axial direction in some range of parameters. The numerical simulations are carried out by varying systematically the parameters of the calculation, namely the supply pressure, the spring constant, the mass of the poppet and the conical angle of the poppet. The process of jet ow development, the uctuations of the valve lift and the velocity distributions in the valve are investigated for the poppet vibrating.
Introduction
At the present time, poppet valves are universally used as a control valve for hydraulic and pneumatic power applications. Because of the interest in the ow inside the poppet valve, there have been several studies of the ow in the valve by numerical simulations (Itoh et al. 6 ], Tsukiji 9] , Vaughan et al. 12] , Ueno et al. 11] ). In those investigations, the valve lift was constant or there was no vibration of the poppet. Therefore, there has been only a small amount of information about the unsteady ow in presence of the vibration. The actual poppet valves sometimes vibrate in unstable regions of the operation. In the present numerical simulation the poppet can move in the axial direction because it is supported by a dash pot and a spring. Therefore the vibration of the poppet occurs in some range of parameters. The authors have calculated the axisymmetric unsteady ow in the poppet valve using a vortex method 10]. In the present study the same ow eld is simulated using the axisymmetric vortex method to investigate the in uence of the parameters including the conical angle of the poppet on the uctuations of the valve lift and the ow in the valve.
The modelling of two-dimensional shear layers by discrete vortices has been studied by many researchers. In application to axisymmetric ows, internal and external ows, including jet ows, have been investigated using vortex methods ( Shimizu 8] ). The results presented in this paper are obtained using a similar method.
In the present simulation, the source in the inlet plane is represented by a series of concentric rings of appropriate strength. The inlet boundary condition is satis ed by using image vortices together with a source disk of uniform strength per unit area. The boundary walls such as the 416 poppet and the valve body are approximated by a large number of vortex ring elements. The separated shear layer from the edge of the ori ce is represented by an array of discrete elemental ring vortices. Each vortex element moves under the in uence of all the others, including the set of image vortices and a source disk.
The process of jet ow development, the uctuations of the valve lift and the velocity distributions in the valve were investigated, by means of a vortex method, for the unsteady ow when the poppet moves or vibrates in the axial direction.
Method of simulation
The axisymmetric poppet valve is shown in Fig. 1 . The valve is a conical poppet with a sharp-edged seat. In the present simulation, ow passes through the valves in an outward direction and the conical angles 2 are 60 and 120 .
A schematic of the ow simulation geometry of the part abcd in Fig. 1 is shown in Fig. 2 . The inlet diameter is d, the radius of the valve chamber is r wall , the valve lift is h and the conical angle As the axisymmetric jet is assumed, the ow eld ABCDOJI is used to explain the numerical method.
The induced axial and radial velocities for the k-th vortex are given by u v = R i (R i J ? yG) (4) v v = (x ? X i )R i G (5) The axial and radial velocity components induced by a unit strength of concentric source ring at a point (x; y) are respectively u s = (x ? X i )J (6) v s = (yJ ? R i G) (7) where X i is the axial coordinate of the vortex or source ring, R i is the radius of the ring, r (11) and K(k), E(k) are complete elliptic integrals of the rst and second kind respectively. The values K(k), E(k) were calculated using the method presented by Koso 7] The pressure distributions on the poppet were calculated using the unsteady Bernoulli's equation @ @t + V 2 2 + p = f(t) (15) where is the velocity potential, V is the magnitude of the velocity, p is the pressure, t is the time and is the density. The pressure can be calculated using the equation obtained by di erentiating Eq. 15 with respect to the distance. The upstream pressure is assumed to be constant. The equation of motion for the poppet is given by F = m @ 2 h @t 2 + c f @h @t + kh (16) where F is the force acting on the poppet, h is the valve lift, m is the mass of the poppet, c f is the coe cient of viscosity and k is the spring constant.
The numerical implementation proceeds for each time step as follows.
1. Determine the strength of the vortex rings on the walls of the poppet and the valve chamber. 2. Calculate the pressure distribution using Eq. 15. 3. Calculate the force acting on the poppet by integrating the pressure distribution.
4. Move the poppet by calculating the valve lift at t + t using Eq. 16.
Introduce the vortex ring i and advance the vortices in time.
6. Delete any vortices that approach closer than to a wall or pass through the outlet boundary. 7. Return to step 1.
Results and discussion
In Table I .
The viscosity coe cient c f was evaluated from the clearance and the contact area between the poppet and the valve body. As a result, c f = 2:258 Pa was chosen.
In the present calculation, it is assumed that the supply pressure p up is constant. Therefore, after the steady ow rate at a valve lift was given by experimental results, the ow rate (the strength of the concentric source ring q) at each calculation step was given in proportion to the valve lift.
The valve lift of the poppet in cases A-D of Table I are shown in Fig. 3 for 2 = 60 . The poppet in the cases A and B vibrate near the valve lift h = 6 mm for t 100 msec. In case A, a transient response with overshoot can be seen. However almost no overshoot occurs in case B because the mass of the poppet in case B is smaller than that in case A. Furthermore, the amplitude of vibration in case B is larger than that in case A for t 150 msec because of the same reason.
ESAIM: Proceedings, Vol. 1, 1996, pp. 415{427 The the number of circlea is almost the same, however the time interval for the generation of a cluster is not constant. The number of squares is smaller than that of circles in Fig. 6 , because of the coalescence of the cluster. The process of coalescence of clusters is shown in Fig. 7 .
A magni ed gure of the valve lift in case A for 150 msec < t < 200 msec is shown in Fig. 8 while the experimental results for the same case is shown in Fig. 9 . The pro les of the time variation of the valve lifts are similar. However the amplitude of the variation of the experimental results is smaller than the calculated ones because the viscous resistance in the actual poppet valve is large as compared with the expected value in the present calculation. The valve lifts of the poppet in cases A-D shown in Table I are shown in Fig. 10 for 2 = 120 . It is found that the amplitude of the vibration for 2 = 120 is larger than that for 2 = 60 from Figs. 3 and 10.
The trajectories of the vortex rings and the velocity vectors in case A are displayed in Fig. 11 for 2 = 120 between t = 2 msec and t = 8 msec.
Conclusion
In the present study, a numerical algorithm using a vortex method has been applied to the simulation of the ow in a three-dimensional axisymmetric poppet valve supported by a dash pot and a spring. The process of jet ow development, the uctuations of the valve lift and the velocity distributions in the valve were shown with the vibration of the poppet. The numerical simulation were carried out by varying systematically the parameters of the calculation, namely the supply pressure, the spring constant, the mass of the poppet and the conical angle of the poppet. The e ect of those parameters on the time variation of the valve lift and the formation of the vortex cluster was investigated. It is found that the poppet vibrates near its natural frequency. Comparison of the time variations of the valve lift in case A has shown the di erence between the numerical and experimental results. This is probably related to the di erence between the viscous resistance ESAIM: Proceedings, Vol. 1, 1996, pp. 415{427 
